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Although rice (Oryza sativa L.) produces little glycine betaine (GB), it has two betaine aldehyde dehy-
drogenase (BADH; EC 1.2.1.8) gene homologs (OsBADH1 and OsBADH2). We found that OsBADH1 cat-
alyzes the oxidation of acetaldehyde efﬁciently, while the activity of OsBADH2 is extremely low. The
accumulation of OsBADH1mRNA decreases following submergence treatment, but quickly recovers
after re-aeration. We conﬁrmed that OsBADH1 localizes in peroxisomes. In this paper, a possible
physiological function of OsBADH1 in the oxidation of acetaldehyde produced by catalase in rice
plant peroxisomes is discussed.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Betaine aldehyde dehydrogenase (BADH; EC 1.2.1.8) catalyzes
the last step of glycine betaine (GB) synthesis, i.e. betaine alde-
hyde? GB, in higher plants [1,2]. BADH genes have been isolated
from Chenopodiaceae and Gramineaceae [3,4]. In Chenopodiaceae,
GB is synthesized in chloroplasts and the cDNA for BADH has tran-
sit peptide sequence for entry into chloroplasts [3,5]. In Gramine-
aceae, we have reported that barley has two BADH proteins
(BBD1 in peroxisomes and BBD2 in the cytosol) [4,6,7; Fujiwara
et al., unpublished data]. We found that BBD2 plays the role in
GB synthesis [8]. However, physiological function of BBD1 is not
well understood.
Rice has two expressing homologs of the BADH gene (OsBADH1
and OsBADH2) [6]. Since the deduced amino acid sequence of Os-
BADH1 and OsBADH2 genes has Ser-Lys-Leu (SKL) motif at the C-
terminus, rice BADH proteins are speculated to be localized in per-
oxisomes. Because rice synthesizes little GB [9], the physiological
function of its BADH proteins remains unclear.chemical Societies. Published by E
DH, alcohol dehydrogenase;
ionaldehyde; BADH, betaine
etaine; mRFP, monomeric red
L, Ser-Lys-Leu; SRL, Ser-Arg-
hyde; TMAP-ald, 3-N-
kabe).In plants, acetaldehyde is produced and metabolized under
submerged and following re-aerated conditions (Fig. 1). Under
submergence, pyruvate is converted to acetaldehyde by pyru-
vate decarboxylase (PDC), then to ethanol by alcohol dehydro-
genase (ADH) and to acetate by mitochondrial aldehyde
dehydrogenase (ALDH2a and ALDH2b). When the submerged
plants are transferred to aerobic conditions (re-aeration), the
anaerobically accumulated ethanol is rapidly oxidized to acet-
aldehyde by the reverse reaction of ADH and then converted
to acetate by ALDH2a and ALDH2b as described above. The
ethanol is also oxidized to acetaldehyde by catalase (CAT)
during the conversion of H2O2 to H2O in peroxisomes [10–
12]. However acetaldehyde oxidizing enzyme is totally un-
known in peroxisomes. To ﬁnd out this enzyme is interesting
especially in rice, since low oxygen stress tolerance is very
important for survival of rice growth [13]. So it was antici-
pated that rice peroxisomal BADHs might catalyze acetalde-
hyde oxidation.
In the present study, to explore the physiological function
of BADH proteins in rice, recombinant OsBADH1 and OsBADH2
were analyzed for afﬁnity to acetaldehyde as well as to a
range of substrates examined so far for plant BADHs. Then
we have analyzed the expression pattern of OsBADH genes un-
der submergence and following re-aeration. Also we have
determined the subcellular localization of OsBADH proteins. Ta-
ken together, we discuss the possible physiological function of
OsBADH in the oxidization of acetaldehyde in rice plant
peroxisomes.lsevier B.V. All rights reserved.
Fig. 1. Proposed model showing two routes of acetaldehyde oxidation in rice under submergence and following re-aerated conditions. Under submergence conditions,
pyruvate is converted to acetaldehyde by PDC. At the same time, acetaldehyde is converted to ethanol by ADH and to acetate by ALDH. When the submerged plants are re-
aerated, the anaerobically accumulated ethanol is rapidly oxidized to acetaldehyde by the reverse reaction of ADH. Then the acetaldehyde is transported into mitochondria
and oxidized to acetate by OsALDH2 (mitochondrial route) [8]. On the other hand, the anaerobically accumulated ethanol is converted to acetaldehyde by the peroxidation by
CAT during the conversion of H2O2 to H2O in peroxisomes. In the present study we suggest that OsBADH1 possibly functions in the oxidation of acetaldehyde in peroxisomes
and that produced acetate is converted to acetyl-CoA and used in glyoxylate cycle (peroxisomal route).
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2.1. Plant material and submergence treatment
Rice seeds (Oryza sativa L. cv. Nipponbare) were germinated and
grown in a growth chamber with 16 h of illumination (about
300 lmol m2 s1 at a plant level) and 8 h of darkness at 28 C
[14]. For treatment of submergence, 10-d-old seedlings were sub-
merged in water in the dark at 28 C for 24 h [15]. Then the seed-
lings were transferred to aerobic conditions in the dark at 28 C for
24 h. After harvesting, the leaves were stored at 80 C until RNA
extraction.
2.2. Real-time PCR
Total RNA was extracted from rice leaves and 1 lg of total RNA
digested by RNase-free DNase I (Takara Shuzo Co. Ltd., Kyoto, Ja-
pan) was subjected to reverse transcription as described previously
[16]. The synthesized cDNAs were ampliﬁed with SYBR Premix Ex
Taq II (Takara Shuzo Co. Ltd., Kyoto, Japan) and gene-speciﬁc pri-
mer set (Supplementary Table S1), using the LightCycler Quick Sys-
tem 350S (Roche Diagnostic, Indianapolis, IN), and the transcript
levels were calculated as described by Iida et al. [17]. Ubiquitin
(accession No. D12629) was used as the internal control [18].
The transcript level of target genes was normalized to that of Ubiq-
uitin (value = 1).
2.3. Puriﬁcation of recombinant OsBADH1 and OsBADH2 proteins
The plasmid DNAs harboring full length cDNA of OsBADH1 and
OsBADH2 were obtained from the National Institute of Agrobiolog-
ical Sciences (Ibaraki, Japan). The open reading frame (ORF) of Os-
BADH1 and OsBADH2 was ampliﬁed by PCR using the primer set of
OsBADH1-f2 and OsBADH1-r2, OsBADH2-f2 and OsBADH2-r2,
respectively. All primers are listed in Supplementary Table S1. They
were cloned into Nco I and Hind III sites of pET32a vector (Novagen,
Madison, WI). Recombinant OsBADH1 and OsBADH2 proteins were
obtained as described previously [8].2.4. Enzyme assays
Acetaldehyde was obtained from Wako Pure Chemical Indus-
tries, Ltd. (Osaka, Japan). Aldehyde dehydrogenase activities were
determined as described previously [8].
2.5. Subcellular localization
The ORF of OsBADH1 was ampliﬁed by PCR using the primer set
of OsBADH1-pGN-f and OsBADH1-pGN-r, OsBADH1-pGC-f and Os-
BADH1-pGC-r to ligate OsBADH1 gene to the N- or C-terminus of
Green ﬂuorescent protein (GFP). The GFP fusion genes were inserted
between CaMV 35S promoter and NOS terminator in pBI121 vec-
tor. Then the resultant construct was digested with Hind III and
EcoR I and the fragment was subcloned into pBluescript II KS vector
(Stratagene, La Jolla, CA). All primers are listed in Supplementary
Table S1. For the construct of monomeric red ﬂuorescent protein
(mRFP)- Ser-Arg-Leu (SRL) which the last 10 amino acids of the
pumpkin MLS [19] attaches at the C-terminus of mRFP under the
control of double CaMV 35S promoter, p35S:mRFP-SRL vector
[20] was digested with Sac I and EcoR V and the fragment was sub-
cloned into pBluescript II KS vector. The fusion genes were tran-
siently introduced into onion epidermal cells by particle
bombardment as described previously [21]. After 22 h incubation
at 24 C in complete darkness, the epidermal cell layers were ob-
served under a confocal microscope (Carl Zeiss LSM 5 PASCAL).
3. Results and discussion
3.1. Substrate speciﬁcity and activity of recombinant OsBADH1 and
OsBADH2 proteins
The recombinant OsBADH1 and OsBADH2 were separated by
SDS–PAGE, which showed that both proteins were puriﬁed to
apparent homogeneity (Fig. 2). The molecular mass of the puriﬁed
proteins corresponded to that deduced from amino acid sequences
of OsBADH1 and OsBADH2 (about 55 kDa). Using these puriﬁed re-
combinant OsBADHs, we investigated Michaelis constants (Km val-
Fig. 2. SDS-PAGE of recombinant OsBADH1 and OsBADH2. OsBADH1 and OsBADH2
were expressed as a fusion protein in Escherichia coli (strain BL21) and puriﬁed as
described in Section 2. After enterokinase treatment, 10 lg protein was electro-
phoresed. SDS–PAGE samples were stained using Coomassie brilliant blue R-250
and the size of molecular mass standards are shown on the left in kDa.
Fig. 3. Kinetic analysis of acetaldehyde dehydrogenase activities of OsBADH1 and
OsBADH2. Assays were performed under the standard conditions as described in
Section 2. Substrate-dependent activities were plotted against substrate concen-
tration. Data show mean values ± S.D. of three independent experiments. Because
the Vmax value of OsBADH2 for acetaldehyde was much lower than that of
OsBADH1, we showed enlarged ﬁgure of the activity of OsBADH2 in inset.
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hyde, 4-aminobutylaldehyde (AB-ald), 3-aminopropionaldehyde
(AP-ald), 4-N-trimethylaminobutyraldehyde (TMAB-ald), 3-N-
trimethylaminopropionaldehyde (TMAP-ald) and acetaldehyde.
Both OsBADH1 and OsBADH2 catalyzed the oxidation of betaine
aldehyde, AB-ald, AP-ald, TMAB-ald and TMAP-ald (Table 1). The
Km values of OsBADH1 for betaine aldehyde, AB-ald, AP-ald,
TMAB-ald and TMAP-ald were 2600, 4.5, 17, 7.8 and 35 lM, respec-
tively. With regard to OsBADH2, Km values for betaine aldehyde,
AB-ald, AP-ald, TMAB-ald and TMAP-ald were 230, 3.7, 12, 41
and 340 lM, respectively. These Km values of OsBADH1 and Os-
BADH2 were similar to those of barley BBD1 and BBD2, respec-
tively [8]. Bradbury et al. [22] also reported the Km values of
BAD1 (OsBADH1) and BAD2 (OsBADH2) for betaine aldehyde and
AB-ald. Those Km values were not largely different from the corre-
sponding Km values in the present study. However, the Km value of
BAD1 for AB-ald (498 lM) is about 100 times larger than its corre-
sponding Km value (4.6 lM) in the present study. The reason of this
discrepancy is not clear at this moment. It might be at least par-
tially due to that they used recombinant His-BAD1 protein, while
we used OsBADH1 protein without a His-tag.
Interestingly we have found that both OsBADH1 and OsBADH2
catalyzed the oxidation of acetaldehyde (Fig. 3). The Km values of
OsBADH1 and OsBADH2 for acetaldehyde were 130 and 170 lM,
respectively. However the Vmax values of OsBADH1 and OsBADH2
for acetaldehyde were 0.71 and 0.048 U mg1 protein, respectively.
The Vmax/Km value of OsBADH1 for acetaldehyde was 25-fold high-
er than that of OsBADH2, suggesting that OsBADH1 is much better
candidate enzyme for acetaldehyde oxidation in peroxisomes than
OsBADH2.
3.2. Expression patterns of OsBADH genes under submerged and re-
aerobic conditions
To determine the expression patterns of OsBADH1 and OsBADH2
genes under submerged and re-aerobic conditions, 10-d-old seed-Table 1
Substrate speciﬁcities of OsBADH1 and OsBADH2.
Substrate OsBADH1
Km (lM) Vmax (U mg1 protein) Vma
Betaine aldehyde 2600 ± 270 0.72 ± 0.0018 2.8
AB-ald 4.5 ± 0.51 2.3 ± 0.0081 0.51
AP-ald 17 ± 1.9 3.4 ± 0.0089 0.20
TMAB-ald 7.8 ± 1.2 11 ± 0.58 1.5
TMAP-ald 35 ± 6.6 0.85 ± 0.0042 2.4
Acetaldehyde 130 ± 19 0.71 ± 0.025 5.7lings grown under an aerobic condition were submerged for 24 h
and then transferred to an aerobic condition. As a positive control,
the expression of OsALDH2a and OsALDH2b genes was also
investigated.
The OsALDH2a expression increased by submergence and de-
creased by re-aeration (Fig. 4C). On the other hand, the expression
of OsALDH2b, encoding another mitochondrial aldehyde dehydro-
genase in rice, was decreased by submergence, recovered by re-
aeration for 3 h, increased up to 12 h after re-aeration, and then re-
turned to control level (Fig. 4D). These results were consistent with
the results reported previously [15,23]. The expression of OsBADH1
and OsBADH2 was decreased by the submerged treatment and
recovered to control (0 h) level after re-aeration (Fig. 4A and B).
However it must be noted that the decrease of relative expression
level of OsBADH1 is lower than that of OsBADH2 under submer-
gence and the recovery of relative expression level of OsBADH1 is
quicker than that of OsBADH2 or OsALDH2b under re-aeration. This
may also support that OsBADH1 is more important than OsBADH2
under submergence and re-aeration.
3.3. Subcellular localization of OsBADH1 and GFP fusion proteins
To determine the subcellular localization of OsBADH1 protein,
the OsBADH1 protein was fused with GFP at their N- or C-terminus
and transiently expressed in onion epidermal cells. The mRFP-SRL
which is the transit peptide for peroxisomes (SRL motif) [19] was
attached at the C-terminus of mRFP, and was expressed simulta-
neously with the OsBADH1-GFP fusion proteins. Cells expressing
mRFP-SRL showed RFP ﬂuorescence in peroxisomes (Fig. 5A and
D). Cells expressing GFP-OsBADH1 to which GFP was attached at
the N-terminus of OsBADH1 showed that GFP ﬂuorescence corre-
sponded to that of mRFP-SRL, which indicated its localization in
peroxisomes (Fig. 5B and C). On the other hand, cells expressing
OsBADH1-GFP showed GFP ﬂuorescence in the cytosol (Fig. 5E
and F).OsBADH2
x/Km Km (lM) Vmax (U mg1 protein) Vmax/Km
 104 230 ± 16 0.39 ± 0.0070 1.7  103
3.7 ± 0.24 1.2 ± 0.060 0.32
12 ± 0.6 5.5 ± 0.27 0.47
41 ± 4.6 3.7 ± 0.28 9.0  102
 102 340 ± 6.5 2.7 ± 0.30 7.9  103
 103 170 ± 18 0.048 ± 0.0013 2.3  104
Fig. 4. Real-time PCR analysis of the expression of OsBADH1 (A), OsBADH2 (B), OsALDH2a (C) and OsALDH2b (D) under submergence and subsequent re-aeration in rice leaves.
Ten-day-old aerobically grown seedlings in the light (0 h) were submerged for 24 h in the dark, and then re-aerated for the indicated intervals in the dark. Ubiquitinwas used
as an internal control to normalize for variation in the amount of cDNA template. Data show the mean of relative values with one unit being control (0 h) ± S.D. of three
biological replicates.
Fig. 5. Subcellular localization of OsBADH1 in plant cells. The GFP-OsBADH1 (A–C) and OsBADH1-GFP (D–F) constructs were introduced by particle bombardment into onion
epidermal cells. The mRFP-SRL-pBS was introduced simultaneously as a peroxisome indicator (A and D). mRFP-SRL, red ﬂuorescence emitted by mRFP-SRL proteins; GFP,
green ﬂuorescence emitted by GFP fusion proteins; Merged, images of differential interference contrast, mRFP-SRL and GFP were merged. Scale bars represent 20 lm.
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It was found that OsBADH1 oxidized acetaldehyde efﬁciently
(Fig. 3). This is the ﬁrst report that plant BADH homolog has acet-
aldehyde dehydrogenase activity. It can be suggested that Os-
BADH1 possibly functions in oxidizing acetaldehyde which is
converted from ethanol by CAT in peroxisomes (Fig. 1).It was reported that, in Arabidopsis plants, Acetyl-CoA synthe-
tase ACN1 is localized in the peroxisomes and is responsible for
activating exogenous acetate for entry into the glyoxylate cycle
[24]. In addition, Lu et al. [25] reported that submergence of rice
plants increases the mRNA levels and activities of some enzymes
in glyoxylate cycle (e.g. malate synthase, isocitrate lyase, and acet-
yl-CoA synthetase). Thus the glyoxylate cycle is involved in acetate
S. Mitsuya et al. / FEBS Letters 583 (2009) 3625–3629 3629metabolism under anaerobic conditions [24,25]. In conclusion, it
may be suggested that OsBADH1 functions in the oxidation of acet-
aldehyde in peroxisomes and that the acetate which is produced is
converted to Acetyl-CoA and used in glyoxylate cycle in rice plants
(Fig. 1).
Acetate is known to inhibit photosynthetic gene expression and
may regulate the switch from heterotrophy to autotrophy in devel-
oping seedling [24]. The submergence and re-aeration process
might be also controlled by a similar switch, and the function of
OsBADH1 in acetate production could contribute to important reg-
ulation of whole plant metabolism.
On the other hand, it was reported recently that the inactivation
or absence of OsBADH2 results in increased aroma (2-acetyl-1-pyr-
roline) production [22,26]. However, OsBADH1 is little likely re-
lated to rice fragrance, considering the non-signiﬁcant difference
in its mRNA levels between fragrant and non-fragrant rice varieties
[27].
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